Background data: Combined usage of posterior lumbar interbody fusion and transpedicular fixation has been extensively used to treat the various lumbar degenerative disc diseases. The transpedicular fixator aims to increase stability and enhance the fusion rate. However, how the fused disc and bridged vertebrae respectively affect adjacent-segment diseases progression is not yet clear. Methods: Using a validated lumbosacral finite-element model, three variations at the L4-L5 segment were analyzed: 1) moderate disc degeneration, 2) instrumented with a stand-alone cage and pedicle screw fixators, and 3) with the cage only after fusion. The intersegmental angles, disc stresses, and facet loads were examined. Four motion tests, flexion, extension, bending, and twisting, were also simulated. Findings: The adjacent-segment disease was more severe at the cephalic segment than the caudal segment. After solid fusion and fixation, the increase in intersegmental angles, disc stresses and facet loads of the adjacent segments were about 57.6%, 47.3%, and 59.6%, respectively. However, these changes were reduced to 30.1%, 22.7%, and 27.0% after removal of the fixators. This was attributed to the differences between the biomechanical characteristics of the fusion and fixation mechanisms. Interpretation: Fixation superimposes a stiffer constraint on the mobility of the bridged segment than fusion. The current study suggested that the removal of spinal fixators after complete fusion could decrease the stress at adjacent segments. Through a minimally invasive procedure, we could reduce secondary damage to the paraspinal structures while removing the fixators, which is of utmost concern to surgeons.
Background
Posterior lumbar interbody fusion has gradually been used to immediately restore the dehydrated disc to its original height (Corniola et al., 2015; Hikata et al., 2014) . A transpedicular fixator is instrumented to stabilize the anterior vertebrae and enhance the bony fusion, thus avoiding cage subsidence and back-out at the bone-cage interfaces (Lequin et al., 2014; Oh et al., 2016) . However, the rigidity-raising effect, resulting from interbody fusion and transpedicular fixation, potentially induces adjacent segment disease (ASD) problems that accelerate the degeneration of the adjacent discs and facet joints (Kwon et al., 2013; Lawrence et al., 2012; Lee et al., 2014; Nakashima et al., 2015) . Such an instrumentation-induced problem has been attributed to the fact that the constrained mobility and loads of the instrumented segments is compensated for by the adjacent segments (Lu et al., 2015; Okuda et al., 2014) .
As an alternative, some dynamic fixators have been designed to provide the flexibility to limit both kinematic and kinetic constraints on the instrumented segments, thus mitigating the post-operative risk of ASD progression (Barrey et al., 2016; Galbusera et al., 2011; Hudson et al., 2011; Kim et al., 2011) . There have been a great many attempts to design flexibility into the dynamic fixator, such as a rod-rod joint (i.e. ISO-BAR), a rod-screw joint (i.e. Dynesys), a screw hinge type (i.e. COSMIC), and a flexible rod (i.e. BioFlex). Some clinical reports showed satisfactory results for achieving a good bony fusion rate while suppressing ASD progression (Hudson et al., 2011; Kim et al., 2011) . However, there are still some studies that show fixator failure (screw loosening and component wear) and post-operative complications (Barrey et al., 2016; Galbusera et al., 2011) . Consequently, static, rather than dynamic Clinical Biomechanics 43 (2017) 115-120 fixators, are still the principal method of treating such lumbosacral problems.
Recently, minimally invasive spine surgery (MISS) technique for interbody fusion and transpedicular fixation has been extensively adopted (Bourgeois et al., 2015; James and William, 2015; Niesche et al., 2014) . Compared with the traditional technique, the screws and rods can be instrumented and assembled through small hole-like wounds which could cause less injury to the paraspinal soft tissue structures. Whether traditional or MISS technique is adopted, however, the metallic fixation inevitably induces kinematic and kinetic compensation from the instrumented to adjacent segments (Kwon et al., 2013; Lawrence et al., 2012; Lee et al., 2014; Lu et al., 2015; Nakashima et al., 2015; Okuda et al., 2014) . Using static rather than dynamic fixation, the current authors have not yet found enough literature report to reveal an effective technique to mitigate the ASD progression. Intuitively, it seems that post-operative removal of the static fixator mitigates the stress on adjacent segments. However, removing the spinal fixator from the traditional midline approach has been a major concern, due to massive destruction of the posterior musculature again. For the spinal fixators used in MISS, however, a similar attempt to remove the static fixator via paramedian approach might be practical (Fig. 1) . From the authors' experience, the size of an entry wound to remove the MISS fixator, through the previous surgical wound, may only be around 20-30 mm (Fig. 1D) .
After complete solid fusion has occurred, the current authors have attempted to remove the screws and rods by MISS technique for disassembling the highly structural constraint of the static fixator on the fused segment (Fig. 1) . If this could decrease stiffness of fusion segments and reduce the disc stress of adjacent segments, this attempt potentially provides a trade-off between ASD mitigation and musculature destruction. This study used the validated nonlinearly lumbosacral model to evaluate the biomechanical differences between the 'fusionfixation' and 'fusion-only' models. Special effort was taken to illustrate the difference in the structural constraint between fusion and fixation. If the effects of the ASD mitigation are significant, the removal of the internal fixator by MISS technique can be recommended after posterior lumbar intervertebral fusion.
Methods

Lumbosacral models
The lumbosacral model from L1 to S1 segments has been developed and validated in the previous studies of the current authors (Chien et al., 2014; Chuang et al., 2012; Chuang et al., 2013) . For a paired facet joint, the orientation and separation of the articulating surfaces were cautiously established to ensure a consistent unloaded neutral position within a range of around 0.5 mm. Other than the L4-L5 segment, the remaining segments were assumed healthy. The geometric size and material strength of the L4-L5 segment was simulated as 'moderate degeneration'. The contractions of the five muscle groups were simulated as distributed loads to stabilize the lumbosacral column (Fig. 2) . The concentrated loads (M: moment and C: compression) were the result of body weight and the contractions of the abdominal muscles. The hybrid use of compression (=150 N) and moment (=10 Nm) was applied at the lumbosacral top to activate lumbosacral motion. The lumbosacral column was rigidly constrained at the bottom and activated by the distributed and concentrated loads. There were four types of lumbosacral motion simulated in this study: flexion, extension, bending, and twisting. The flexion and extension are in sagittal plane, and bending and twisting are in the coronal and transverse planes.
Intervertebral fusion and transpedicular fixation
For the fusion/fixation model, the L4-L5 segment was immobilized by a transpedicular fixator and fused by a stand-alone cage (Fig. 2) . For the fusion model, the fixator in the fusion/fixation model was removed. The stand-alone cage and two-sided screws and rods were assumed symmetric in the sagittal plane. The longitudinal rods were consistently 5.0 mm in diameter and the screw diameters (5.5 mm) of all models were the same across equivalent tests. The specification of the banana cage was 30 mm in length, 10 mm in width, and 10 mm in height. The metallic components of the fixator were consistently made from titanium-based alloy (Ti-6Al-4V ELI). The stand-alone cage was made from PEEK (Wiltrom, Taiwan). A spinal surgeon was engaged to monitor the development of the fusion/fixation and fusion models, to confirm the proper instrumentation.
Finite-element analyses
Except for the facet joint, no slippage and separation were allowed between the tissues and implants. The interfaces of the facet joints were modeled as surface-to-surface contact elements in which articulating friction is ignored and only transmitted normal forces are considered. The criterion for controlling the same displacement of the lumbosacral top was adopted as a reasonable approach to evaluate the effects of the fusion and fixation on the adjacent segments (Chuang et al., 2013) . The materials of all implants were assumed to have linearly elastic and isotropic material properties throughout. The calculated von Mises stresses of the cage and fixator were compared with the yielding strength of the corresponding material, to validate the assumption of linear elasticity. For the fusion/fixation and fusion models, the solid fusion of the L4-L5 segment was simulated as the intimate bonding at the bone-cage interfaces. The remaining nucleus pulposus and annulus fibrosus were modeled as dehydration grade III to simulate the loss of the disc elasticity. Experimental and numerical comparisons were used to validate the simplifications and assumptions of the finite-element model (Chuang et al., 2013) . Using the cadaveric data, the results of the intact model were validated by the ROM of all discs for flexion, extension, rotation, and bending. During validation, the initially chosen elastic moduli of the disc and some ligaments were slightly modified within the physiological range to improve agreement with the cadaveric results. Then, the intact model was transformed into the moderately degenerative model to further compare with the numerical data of the literature counterpart. During extension and rotation, the predicted forces of the different facet joints were compared for validation.
Three types of comparison indices were chosen to evaluate the kinematic and kinetic responses at the L3-L4 and L5-S1 segments: intersegmental angles, disc stresses, and facet loads. The intersegmental angle was defined as the change in disc angles before and after exerting loads and denoted as the loss of the intersegmental mobility. The disc stress and facet load was defined in terms of von Mises stress and compressive force in this study. All indices of the fusion/fixation and fusion models were normalized to the corresponding values of the degenerative model. The differences in the normalized indices provide information about the biomechanical effects of removing the fixator on the ASD progression.
Results
The kinematic and kinetic responses of two instrumented models at the L3-L4 and L5-S1 segments are shown in Fig. 3 . As compared with the degenerative model, the normalized increases in intersegmental angle of the fusion/fixation model were 61.3% and 53.8% at the cephalic and caudal segments, respectively (Fig. 3A) . For the fusion model, these increases were reduced to 28.0% and 27.0%. The removal of the spinal fixator can thus suppress the compensation of the adjacent vertebral motion by 33.3% and 26.8%.
Similarly to the kinematic results, fusion/fixation induces the adjacent discs to be subjected to the transferred loads from the instrumented segment (Fig. 3B) . For the fusion/fixation model, the normalized increases in disc stress at the L3-L4 and L5-S1 segments were 50.1% and 44.5%, respectively. For the fusion model, the disc stresses at the cephalic and caudal segments only increase to 26.0% and 23.2%, respectively. After removing the fixator, the stresses at the L3-L4 and L5-S1 discs can thus be further reduced by 24.1% and 21.3%, respectively.
The kinetic changes due to instrumentation of the normalized facet loads are shown in Fig. 3C . Compared with the degenerative model, the cephalic and caudal facet loads of the fusion/fixation model were increased by 64.5% and 54.7%, respectively. Similarly to the intersegmental angle and disc stress, the loading compensation at the cephalic segment was higher than at the caudal segment. For the fusion model, the aforementioned increases were reduced by 37.2% and 28.1%, respectively. Between the two models, the differences in the compensated facet loads were 27.3% and 26.6% at the L3-L4 and L5-S1 segments, respectively. This indicates that the fixation can greatly constrain the intervertebral mobility and that the disassembly of the fixator is worth executing in the situation of solid fusion and where assessed as surgically safe.
Discussion
Consistent with the available literature reports, (Kwon et al., 2013; Lawrence et al., 2012; Lu et al., 2015) this study showed more severe stress and mobility at the cephalic than the caudal segment (Fig. 3) . For the fusion/fixation model, the increases of the intersegmental angles, disc stresses, and facet loads were 61.3%, 50.1%, and 64.5% at the L3-L4 segment and 53.8%, 44.5%, and 54.7% at the L5-S1 segment, respectively. The current authors used the moment-arm effect to explain the worse ASD deterioration at the cephalic segment (Fig. 4) . The distance between the cephalic disc and screws is significantly less . This study used the moment-arm effect to illustrate the severer ASD progression at the cephalic than caudal segment. The distance between the disc center and pedicle screw was used as an index to transfer the constrained mobility of the instrumented segment to the adjacent segments.
than that of the caudal segment. This results in higher compensation of the disc mobility and facet loads from the instrumented segment to the cephalic than caudal segment.
After instrumentation, the inserted cage and bridged fixator have definitely altered the structural characteristics of the adjacent segments (Kwon et al., 2013; Lawrence et al., 2012; Lee et al., 2014; Lequin et al., 2014; Nakashima et al., 2015; Oh et al., 2016) . The inserted cage will stiffen the instrumented disc; thus limit the intersegmental mobility and shift the motion center from the posterior (i.e. point A) to some region (i.e. point B) within the cage (Fig. 5) (Kim et al., 2015) . The motioncenter shift of the dehydrated and stiffened disc alters the biomechanical behavior of the fused segment. The constrained mobility of the fused segment will be transferred to the adjacent segments to increase the kinematic and kinetic demand around them. This is the fusion effect of the sandwiched cage (Fig. 5) . For the fusion/fixation model, the linkage of the screws and rods further deteriorates the biomechanical compensation at the adjacent segments (Figs. 3 and 5) . This is the fixation effect that is attributed to the longitudinal rods and pedicle screws. The fixation effect can make the motion center more posterior (i.e. point C) (Highsmith et al., 2007) .
The current authors suggest the stiffness-increasing mechanism as the potential reason of the fixation-induced compensation (Fig. 4) . Even for the spinal fixator applied by MISS technique, the bridging construct of the polyaxial screws and rods is still stiffer than the motion segment. At the initial stage, the intimate contact at the screw shank, screw head, and longitudinal rod raises the construct stiffness higher than that of the intact segment. In the situation of loosening the screw shank/ head, the stiffness of the bridged segment was still higher than the intact segment. The stiffness-increasing effect suppresses the deformation of the bridged segment, transferring the load to the adjacent segments. This can account for the higher kinematic and kinetic demand at the adjacent segments after the fixation. Another explanation is that the Young's modulus of titanium-alloy pedicle screw is 110 GPa, which is 30 times stronger than the PEEK cage (E = 3.5 GPa). The screw system enhanced the stiffness of the fused motion segment and then caused the stress concentration at adjacent levels, especially cephalically.
Compared with the fusion/fixation model, removing the fixator can decrease the intersegmental angles, disc stresses, and facet loads by 33.3%, 24.1%, and 27.3% at the L3-L4 segment and 26.8%, 21.3%, and 26.6% at the L5-S1 segment, respectively. In the literature, the reported mitigation of ASD while using the dynamic fixator was still controversial (Barrey et al., 2016; Galbusera et al., 2011; Hudson et al., 2011; Kim et al., 2011) . Even though these are positive results, the kinematic and kinetic increases of using the dynamic fixator only ranged between 12.3% and 21.2% for these numerical and experimental studies. From our results, the stress could be more equally distributed in adjacent segments after removal of the spinal fixators, and possibly have remarkable improvement of the mitigation of ASD compared with the use of the dynamic fixator. In addition, the pedicle screw fixators are unable to induce bone remodeling, and have the problems such as implant failure due to fatigue (Chen et al., 2005) . For better clinical outcomes, removal of the pedicle screw fixators should be considered to decrease the possibility of screw irritation. Removal of the pedicle screw fixators by MISS technique is advantageous due to not only small incisions compared to a traditional large incision, but also significantly less secondary soft tissue injury.
Due to the characteristics of finite-element simulation, there were some limitations inherent in this study. Relative to the original CT-scanning data, some degenerative changes such as lordotic progression, facet hypertrophy, endplate sclerosis, and annular tears were not considered in this study. Due to the complexity of a partial resection of facet joints in MISS technique, the instability of the instrumented facet joints was not modeled for the sake of efficiency and avoidance of highly nonlinear simulation. Little evidence can be used to validate the effects of removing the spinal fixator by MISS technique. Although this study had a limited number of case, the numerical results of were still representative. Clinical and experimental studies should be conducted to validate the findings of the current study.
In conclusion, the hybrid use of fusion and fixation leads to significant increases in load of the adjacent tissues. After successful fusion, the removal of the spinal fixator by MISS technique might be recommended as an option to effectively mitigate ASD progression in the absence of spondylolysis and spondylolisthesis.
